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In  a  previous  paper,  we  introduced  a  modified  Steinmetz  equation  to  account  for  dc-bias  field  effects,  which  requires  only  a 
simple  dc  permeability  measurement  to  predict  total  power  loss.  In  this  paper,  we  expanded  our  investigation  to  include  Finemet 
nanocrystalline  material  and  found  that  our  modified  Steinmetz  formalism  was  effective  in  predicting  dc-bias-related  losses  for 
this  system  as  well.  In  this  paper,  it  was  observed  that  Finemet  cores  exhibit  lower  losses  than  Metglas  cores  under  identical  test 
frequencies  and  bias  fields.  In  addition,  we  show  that  a  full  characterization  of  the  dc  loss  component  necessitates  the  consideration 
of  higher  order  ( n  >  1)  harmonic  components.  In  order  to  quantify  these  higher  frequency  loss  components,  a  dc-dc  converter-based 
test  system  was  built  to  intentionally  introduce  inductor  current  harmonics  by  varying  the  filter  capacitance  and  parasitic  inductance 
of  the  test  system.  Both  core  types  were  evaluated  under  fundamental  frequencies  of  20  to  150  kHz  and  dc-bias  fields  of  up 
to  1.3  kA/m,  with  the  inclusion  of  distorted  waveforms  obtained  by  varying  filter  capacitance.  At  higher  frequencies,  the  Metglas 
cores  were  found  to  exhibit  greater  loss  fractions  associated  with  the  higher  order  harmonic  components.  A  detailed  summary  of  the 
measured  core  loss  characteristics  for  both  core  types  is  included  and  discussed.  This  paper  includes  the  details  of  the  measurements, 
the  modified  Steinmetz  relation,  and  the  loss  extraction  algorithm  used  for  analysis. 

Index  Terms — Core  loss,  DC-DC  converter,  inductor,  soft  magnetic  materials. 


I.  Introduction 

WING  to  their  design  requirements  or  unintentional 
interference,  soft-magnetic  components  in  electronic 
systems  are  often  subjected  to  dc-bias-flux  conditions. 
Inductive  elements  in  switch-mode  power  supplies  and  core 
steel  sheets  in  permanent  magnet  machines  are  representative 
of  components  operating  under  the  dc-bias-flux  conditions. 
These  dc-bias  conditions  result  in  distorted  hysteresis  loops 
and  significantly  increased  core  losses  and  have  been  shown 
to  be  relatively  independent  of  core  material.  The  physi¬ 
cal  origin  of  these  increased  losses  is  not  well  understood. 
Higher  local  coercivity  and  increased  hysteresis  [1]— [3]  and 
magnetomechanical  damping  and/or  magnetostriction  [4],  [5] 
have  been  proposed  as  mechanisms  for  increased  losses  under 
dc-bias  conditions.  Classical  theory  separating  core  loss  into 
hysteresis,  eddy  current,  and  anomalous  components  has  been 
insufficient  to  describe  these  losses,  as  have  classical  Steinmetz 
predictions  [6].  These  theoretical  deficiencies,  coupled  with 
the  complete  lack  of  dc  loss  attributes  on  core  manufacturer’s 
data  sheets,  result  in  a  requirement  to  empirically  determine 
loss  values  for  specific  design  applications.  These  deficiencies 
have  motivated  us  to  extend  our  investigation  into  dc-bias 
losses  in  tape  core  inductors  operating  in  a  dc-dc  boost 
converter. 

In  a  previous  paper  [7],  we  introduced  a  modified 
Steinmetz  equation  that  accounts  for  dc-bias  core  effects  and 
takes  advantage  of  a  simple  dc  permeability  measurement  to 
predict  total  power  loss.  This  formalism  was  based  on  mea¬ 
surements  performed  on  a  Fe-based  Metglas  tape  core  using 
non- sinusoidal  waveforms.  In  this  paper,  we  expanded  our 
investigation  to  include  Finemet  core  materials  and  found  that 
the  modified  Steinmetz  formalism  was  effective  in  predicting 
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dc-bias  related  losses  in  this  system  as  well.  The  evaluation  of 
the  modified  Steinmetz  formalism  on  the  alternative  material 
system  yielded  a  one  by  one  comparison  of  identically  sized 
Metglas  and  Finemet  tape  cores.  These  cores  were  used  to 
fabricate  boost  inductors  for  a  dc-dc  converter  setup  used  as 
the  test-bed  to  assess  loss  characteristics  under  varying  dc-bias 
fields.  The  only  difference  between  these  epoxy  impregnated 
cores  was  their  stacking  density;  the  Metglas  cores  were 
comprised  of  ~25  pm- thick  tapes  and  had  a  manufacturer- 
specified  stacking  density  of  85%-90%,  while  the  Finemet 
cores  were  made  from  ~17  pm- thick  tapes  with  an  estimated 
stacking  density  of  78%-84%.  Since  the  cross-sectional  areas 
for  both  cores  were  sufficient  to  mitigate  saturation,  stacking 
density  differences  should  have  had  no  effect  on  the  obtained 
results. 

In  addition  to  identifying  the  dc-bias  related  losses,  this 
paper  also  identified  the  non-negligible  contribution  to  core 
losses  from  higher  order  (n  >  1)  harmonic  components. 
In  order  to  quantify  these  higher  frequency  loss  components, 
the  dc-dc  converter-based  test  system  was  modified  to  inten¬ 
tionally  introduce  inductor  current  harmonics  by  varying  the 
filter  capacitance  and  the  parasitic  inductance.  Loss  behaviors 
of  the  two  cores  under  these  dynamic  switching  conditions  are 
a  significant  aspect  of  this  paper. 

II.  Experiment 
A.  Experimental  Setup 

The  modified  Air  Force  Research  Laboratory  inductor  test 
system  is  modular  by  design  and  configurable  as  a  dc-dc  boost 
converter  similar  to  that  described  in  [7].  The  single-phase 
half-bridge  module  includes  a  removable  30  pF  X7R  filter 
capacitor  across  the  upper  and  lower  switches,  which  may  be 
removed  to  exacerbate  the  high-frequency  switching  dynamics 
in  the  inductor.  A  dual-channel  Agilent  33500B  waveform 
generator  provides  frequency  and  duty  cycle  controls  for 
boost-converter  operation.  Input  power  was  supplied  to  the  test 
station  from  two  Agilent  6030  A  dc  power  supplies  connected 
in  parallel.  The  test  inductor’s  secondary  voltage  and  primary 
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Fig.  1.  Finemet  inductor  (left)  and  Metglas  inductor  (right). 


Time  (s)  xKT6 

Fig.  2.  DC-DC  converter  secondary- winding  voltage  and  primary- winding 
ac  current  profiles.  (Metglas  100  kHz,  40  V,  40  Q  with  a  filter  capacitor.) 

current  were  measured  by  a  LeCroy  WaveRunner  104MXi  and 
analyzed  using  our  modified  Steinmetz  formalism.  Relative 
delays  due  to  probe  characteristics  as  well  as  the  experimental 
setup  were  analyzed  and  calibrated  [7]. 

Identically  sized  inductors,  fabricated  using  the  Metglas 
(Hitachi  AMCC20)  and  Finemet  (MK  Magnetics  SC2049M1) 
cores,  were  selected  for  investigation  and  are  shown  in  Fig.  1. 
The  tested  inductors  were  configured  with  nine  primary-  and 
nine  secondary-winding  turns  providing  self-inductance  values 
of  365  and  298  //H  for  the  Metglas  and  Finement  cores, 
respectively.  For  each  test,  the  secondary-winding  voltage 
and  the  primary-winding  current  were  measured  to  obtain  the 
inductor’s  magnetic  flux  density  and  magnetic  field  intensity. 
A  constant  A  B  amplitude  was  maintained  at  ~0.0336  T 
by  varying  the  applied  voltage  at  each  test  frequency 
(60  V-150  kHz,  40  V-100  kHz,  20  V-50  kHz,  and 
8  V-20  kHz). 

B.  DC-DC  Converter  Test  Measurements 
With  a  Filter  Capacitor 

All  measurements  described  in  this  section  were  taken  with 
the  AVX  300  V,  30  ju¥  filter  capacitor  installed.  Connection  to 
a  variable  resistance  load  bank  necessitated  1.5  m  of  cabling, 
and  another  AVX  300  V,  30  p¥  capacitor  was  directly  installed 
inside  the  load  bank  to  balance  the  parasitic  line  inductance. 

Fig.  2  shows  typical  primary  current  and  secondary  voltage 
waveforms  from  the  Metglas  dc-dc  converter  inductor  under 
test.  Since  these  waveforms  are  not  sinusoidal,  higher  har¬ 
monic  modes  in  addition  to  the  fundamental  frequency  are 
present.  Therefore,  Fourier  analysis  results  in  nonzero  higher 


Fig.  3.  Secondary- winding  voltage  and  primary-winding  ac  current  frequency 
spectra.  DC  current  offset  level  was  3.89  A.  (Metglas  100  kHz,  40  V,  40  Q 
with  a  filter  capacitor.) 


order  harmonics  inclusion.  Fig.  3  shows  typical  ac  current  and 
voltage-frequency  spectra  obtained  from  the  filtered  data. 

As  a  result,  through  power  and  reactive  power  have  a  similar 
spectral  content.  Figs.  4  and  5  show  the  total  and  fundamental¬ 
mode  power  losses  as  a  function  of  H^c  for  the  Metglas 
and  Finemet  inductors.  The  fundamental  mode  contained  an 
average  90.9%  of  the  Metglas  core  loss  and  88.3%  of  the 
Finemet ’s  inductor  loss. 

As  shown  in  Fig.  5,  Finemet  inductor  core  losses  increase 
dramatically  above  800  A/m,  whereas  the  Metglas  inductor 
did  not  exhibit  this  behavior.  This  sudden  increase  of  power 
loss  is  most  likely  due  to  operation  near  the  core  saturation 
region.  For  the  Finemet  inductor,  the  corresponding  B  fields 
for  800,  1043,  and  1284  A/m  H^c  values  were  0.97,  1.007, 
and  1 .025  T,  respectively.  These  B  fields  are  very  close  to  the 
Finemet  saturation  field  of  — '1.23  T.  However,  for  the  Metglas 
inductor,  the  corresponding  B  field  at  1280  A/m  was  1.134  T, 
where  the  saturation  field  of  the  core  is  1.56  T.  For 
T/dc  values  below  800  A/m,  Finemet  core  losses  were  found 
to  be  consistently  lower  (~27.7%)  than  the  corresponding 
Metglas  power  losses. 

In  our  recent  work  [8],  we  studied  hysteresis  losses  of 
tape,  ferrite,  and  dust  core  inductors  under  dc-bias  conditions. 
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TABLE  I 

Summary  of  Steinmetz  Frequency  Coefficient  a  and  B  Field 
Coefficient  /?  for  Metglas  and  Finemet 


Core  material 

Metglas 

Finemet 

Frequency  coefficient  a 

1.3113 

1.1146 

B  field  coefficient  p 

2.0349 

2.0861 

We  concluded  that  the  loss  curve  shape  of  Fig.  4  is  driven  by 
hysteresis  loss.  In  addition,  power  loss  minima  on  the  higher 
frequency  curves  correspond  to  H&c  values  associated  with  a 
permeability  maximum  (//max)  typical  of  ju  versus  H^c  static 
measurements.  The  Finemet  curves  of  Fig.  5  do  not  reflect 
this  behavior,  since  jum ax  occurs  at  low  H^c  values,  which  fall 
below  that  of  our  data  revealing  only  the  increasing  portion 
of  the  curves.  Our  modified  Steinmetz  formalism  is  valid  only 
for  the  higher  bias-field  part  of  the  loss  curves  in  Fig.  4,  where 

H(ji)  >  H([i  max)  • 

It  should  be  noted  that  the  slight  depression  in  the  dissipated 
power  of  the  50  and  100  kHz  Finemet  curves  of  Fig.  5  is 
due  to  reduced  current  probe  sensitivity  resulting  from  the 
measurement  system  range  transition  from  200  to  1  A/div  at 
just  below  400  A/m,  in  response  to  the  increasing  primary  - 
winding  dc  current.  Thus,  these  depressions  are  associated 
with  systematic  measurement  artifacts  and  not  by  the  Finemet 
inductor  ju  versus  H^c  properties. 

Operating  frequencies  of  20-150  kHz  and  applied  voltages 
of  20-60  V  were  used  to  find  the  classical  Steinmetz  frequency 
coefficient  a,  B  field  coefficient  /?,  and  constant  k  for  the 
Steinmetz  equation  (P  =  kfaB ^).  In  determination  of  a, 
and  k ,  we  employed  the  lowest  possible  bias-current  settings, 
since  the  experimental  setup  cannot  be  operated  without  a 
bias  current.  Presence  of  the  bias  does  not  affect  a  and 
values  but  the  estimated  k  parameter  changes  due  to  the 
offset  introduced  by  the  bias  field.  Due  to  this  introduced 
error  in  k ,  it  was  renamed  as  parameter  A  and  treated  as 
a  variable  while  fitting  (2)  to  the  experimental  data.  Since 
these  measured  voltage  and  current  waveforms  were  non- 
sinusoidal,  the  resultant  coefficients  were  different  from  the 
values  claimed  by  the  core  manufactures.  The  units  of  power 
loss  density  P  and  coefficient  k  are  in  W/kg,  frequency  / 
is  in  kHz,  and  field  B  is  in  tesla.  Table  I  summarizes  those 
parameter  fits. 


Fig.  6.  Voltage  and  ac  current  waveforms  for  the  same  condition  as 
in  Fig.  4.  (Metglas  100  kHz,  40  V,  40  Q  without  filter  cap.) 
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Fig.  7.  Secondary-winding  voltage  and  primary-winding  ac  current  frequency 
spectra.  DC  current  offset  level  was  3.92  A.  (Metglas  100  kHz,  40  V,  40  Q 
without  a  filter  capacitor.) 

C.  DC-DC  Converter  Test  Measurements 
Without  a  Filter  Capacitor 

To  investigate  the  influence  of  higher  order  harmonic  spectra 
on  core  losses,  we  intentionally  removed  the  power  board’s 
filter  capacitor  to  increase  the  amplitude  of  these  components. 
These  spectral  or  noise  components  of  converter  voltage 
and  current  waveforms  originate  from  the  non-sinusoidal, 
switched  nature  of  circuit  operation  and  are  thus  present  in 
all  topologies.  Fig.  6  shows  the  inductor  waveforms  without 
the  output  filter  capacitor,  and  the  increased  noise  in  the  signal 
and  a  corresponding  frequency  spectra  plot  in  Fig.  7.  Power 
losses  in  the  inductor  for  100  kHz  converter  operation  are 
compared  in  Fig.  8  for  filtered  and  unfiltered  operation.  Fig.  8 
clearly  shows  that  increasing  the  harmonic  spectral  content 
measurably  increases  core  losses.  Highlighted  by  the  arrows 
in  Fig.  8,  the  unfiltered  data  reflects  reduced  H^c  values  at 
higher  bias-field  operation.  This  is  due  to  increased  losses  in 
other  circuit  elements  at  a  fixed  output  load  resistance  setting. 

Table  II  shows  apparent  and  loss  power  for  Finemet  induc¬ 
tors  as  a  function  of  mode  number  with  and  without  output 
filtering.  Although  the  fundamental  mode  contains  a  majority 
of  the  power,  apparent,  or  loss,  the  ratio  of  fundamental 
mode  to  total  loss  for  the  Metglas  and  Finemet  cores  were 
reduced  to  77.6%  and  79.0%,  respectively,  on  average  across 
the  four  fundamental  frequencies  tested.  Comparing  these 
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Fig.  8.  Metglas  and  Finemet  inductor  power  loss  comparison  between  with 
and  without  the  filter  capacitor  under  100  kHz  operations. 

TABLE  II 

Apparent  and  Loss  Power  for  Finemet  Inductors  at  100  kHz 


Fig.  9.  Left  terms  of  (2)  and  their  best  fit  lines  were  plotted  as  a  function 
of  [p/pmaxV  for  the  Metglas  and  Finemet  inductors. 

TABLE  III 

Finemet  and  Metglas  Coefficients 


Apparent 

Power  / 

(W)  / 

- Harmonic 

With  Capacitor 

n=l 

4.375 

n=2 

0.006 

n=3 

0.163 

n=4 

0.004 

n=5 

0.031 

Total 

4.617 

Without  Capacitor 

4.85 

0.009 

0.151 

0.005 

0.028 

5.078 

Power 

Loss 

(W) 

With  Capacitor 

0.18 

0 

0.015 

0.001 

0.004 

0.213 

Without  Capacitor 

0.318 

0 

0.019 

0 

0.007 

0.355 

results  with  the  filtered  signal  data,  it  is  apparent  that  the  filter 
capacitor  reduces  both  n  >  1  harmonic  and  total  power  losses. 
III.  Experimental  Analysis 

Data  representative  of  Figs.  4  and  5,  in  which  power  loss 
was  measured  as  a  function  of  Hdc,  was  evaluated  using  our 
modified  Steinmetz  equation  [7]  shown  in 

P  =  ^-rB^W\a(^-Y]  (1) 

exp  (a)  L  V^rnax/  J 

where  /jl,  jumSLX,  cl,  A,  and  y  are  the  permeability  under  non¬ 
zero  bias  condition,  maximum  dc  permeability,  coefficient, 
power  density  coefficient,  and  exponential  parameters,  respec¬ 
tively.  In  order  to  assess  the  validity  of  the  proposed  modified 
Steinmetz  relation,  all  of  the  filtered  experimental  Finemet  and 
Metglas  results  above  550  A/m  H&c  were  evaluated.  Using  the 
a  and  ft  coefficients  from  Table  I  and  rewriting  (1)  as  the  linear 
relationship  shown  in  (2),  best  fit  lines  to  the  data  were  plotted 
as  a  function  of  [ju/ju max] y 

Ln(P)  —  aLn(f)  —  ft Ln(B)  =  Ln  (  4  )  +  a 

\exp  (a)J 

(2) 

In  this  analysis,  as  in  our  previous  works,  the  case  (y  =  —  1) 
was  chosen,  since  this  selection  of  y  value  yielded  best  fit 
results.  Using  the  measured  values  of  ju,  jum ax,  a,  and  /?  for 
Finemet  and  Metglas,  the  parameters  A,  and  a  were  estimated 
by  curve  fitting  of  the  experimental  data  (Fig.  9)  and  are 
shown  in  Table  III.  It  should  be  noted  that  the  values  for  A, 
which  were  measured  above  H(jumax),  were  not  identical  to 
the  k  parameters,  which  were  measured  below  H(jumax).  From 
this  analysis,  it  is  clearly  shown  that  the  experimental  data  are 
successfully  fit  using  the  modified  Steinmetz  relationship. 


H 


.  P  max  _ 


Metglas 

Finemet 

M-max 

3013 

2452.6 

a 

0.0434 

0.1826 

A  (W/kg) 

3.128 

2.179 

IV.  Conclusion 

DC-bias  dependent  loss  phenomenon  in  identically  sized 
Fe-based  Metglas  and  Finemet  core  inductors  was  investigated 
using  a  dc-dc  boost  converter.  For  all  experiments,  A  B  was 
maintained  constant  while  H^c  was  varied  by  changing  the 
converter’s  load  resistance.  Finemet  power  losses  were  found 
to  be  substantially  lower  than  Metglas  losses  when  operated 
under  identical  conditions.  For  both  the  core  materials,  the 
results  show  that  core  losses  increase  with  bias  field  (//dc), 
and  a  proposed  empirical  relationship  was  utilized  to  provide  a 
good  fit  to  experimental  loss  data.  It  was  also  shown  that  high- 
frequency  components  have  a  non-negligible  effect  on  core 
losses.  Associated  standard  deviation  between  the  measured 
results  and  the  best  fit  lines  are  shown  in  Fig.  9. 
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